Abstract. The influence of Sc and Zr on microhardness and microstructure of twinroll cast Al-Mg alloy was studied. A significant effect of Sc and Zr on hardening of the material after annealing in a temperature interval between 250 °C and 400 °C was confirmed. Maximal hardness was obtained after annealing above 300 °C due to a precipitation of a fine dispersion of Sc and Zr containing precipitates. An exposure of the annealed material to higher temperatures suppresses the influence of these particles due to changes of the strengthening effect of precipitates. However, a partially positive role of remaining precipitates hindering recrystallization persists even up to 550 °C.
1
Introduction Al-Mg-based alloys are widely used in aerospace industry due to their excellent weldability, reasonable corrosion resistance and possibility of superplastic forming. Additional alloying with Sc and Zr offer a great potential for developing of new lightweight structural materials with exceptional mechanical properties due to the presence of fine dispersion of coherent Al3(Sc,Zr) precipitates with the structure of the L12 type [1] [2] [3] [4] [5] [6] [7] . However, similarly to other high-strength Al-based alloys, sheets prepared from materials alloyed with Mg and Mn suffers from exfoliation corrosion [8] [9] [10] . Generally, exfoliation corrosion occurs when a highly directional microstructure typical for sheets and strips produced by rolling of initial ingots is present in the material. Therefore new manufacturing processes minimizing the formation of a typical pancake structure with flat and elongated grains are of a great interest. Twin-roll casting (TRC) is a typical example enabling directly cast strips with the thickness requested for semi-finished product. The most significant feature of this technology is a formation of rather equiaxed grains, in contrast to ones generated by a rolling procedure, which is an essential part of preparation of thinner strips from the originally direct chill (DC) cast ingots. Nevertheless, omission of steps as homogenization, scalping, rolling and intermediate annealing in several steps, which are the typical initial procedures of DC cast materials, leads to the formation of a structure, which exhibits markedly different features. Therefore also any final treatment of TRC material differs from ones established for DC cast materials. Nowadays, the processing of non-heat treatable Al-Mn and Al-FeSi-based alloys and high-strength Al-Mg-Si, Al-Zn-Mg-Cu, and Al-Mg-based alloys prepared by TRC is rather well established [11] [12] [13] and properties of TRC materials containing Zr and Sc. In the present contribution the microstructure of a model Al-Mg-Sc-Zr alloy prepared by TRC is described and compared with properties of TRC AlMg alloy with a similar level of Mg addition.
2
Experimental details TRC alloys with a composition shown in Tab. 1 and thickness of 5 mm were studied. Twin-roll casting was realized with a vertical operation plane. No release agents were applied on the rolls surface before or during the process. Material was melted in a resistance furnace with mechanical stirring of the melt. Casting was done at 655 °C with 2.75 m/min (2.65 m/min for Al-Mg alloy) casting rate. More detailed description of applied experimental equipment is given in [14] . In order to investigate the changes of mechanical properties and microstructure at elevated temperatures samples were annealed in an air furnace and quenched after each annealing. Annealing was carried out using step-by-step isochronal heating scheme up to 550 °C with steps of 50 °C / 50 min or in an isothermal heating scheme at 300, 350 and 400 °C. Vickers microhardness measurements HV 0.1 with the load of 100 g at QNess 10A and residual electrical resistivity measurements (four point method in liquid nitrogen [15] ) were done after each step. Light optical microscopy (LOM) (Olympus GX51) and insitu transmission electron microscopy (TEM) (JEOL JEM 2000FX) observations with the same heating scheme as the one employed during isochronal annealing, were used for the material characterization. Specimens for electron microscopy were electropolished in 30 % HNO3 solution in methanol at -15 °C. Results and discussion The initial as-cast microstructure of both strips exhibits features typical for TRC aluminum and magnesium alloys with a strong influence of central segregation [16, 17] . Finer grains of a size of about 50 to 100 microns appear in the central part of the strip and they are slightly elongated in the rolling direction, which is typical when an additional deformation of already solidified central part of the strip occurs in the gap between the rolls and grain coarsening is effectively inhibited by segregating primary phases rich in Fe, Si, Mg and Mn (figure 1). Coarser grains in the rest of the material (average grain size nearly 200 microns) and the presence of cracks reflect the inhomogeneity of material cooling during casting requesting further optimization of the process. This cooling starts first in the contact area between the melt and cold rolls and propagates toward the central part, which is always at higher temperature, accommodating thus any deformation imposed by rolls only in the central part of the strip. No significant difference in the grain size between Al-Mg and Al-Mg-Sc-Zr alloys is observed in initial states reflecting rather low influence of Sc and Zr on the solidification process. To a certain extent more pronounced centerline segregation observed in Al-Mg alloy (figure 2) is most probably an artifact of the presence of characteristic channels with segregated solutes as has been recently reported in TRC Al-Mn-Fe-Si alloy [18] . A positive role of slightly higher casting speed also could not be excluded. The redistribution of solutes inside both materials was monitored by electrical resistivity measurements. The representation in the form of electrical resistivity spectra (negative temperature derivatives of resistivity evolutions) was chosen in order to highlight temperature ranges connected with the most significant redistribution of solutes (figure 3). A peak in positive values generally represents precipitation, coarsening of precipitates or their transformation connected generally with a solid solution depletion. Negative values are linked to particles or segregations dissolution and reversion of solutes into the solid solution. Only moderate changes are observed in both alloys below 200 ºC. Above this temperature significant negative values appear in the Al-Mg spectrum, indicating a solid solution enrichment. Similar behavior in this temperature range was observed also in DC cast Al-Mg alloys with higher Mg concentration [19] suggesting that this enrichment occurs most probably due to the dissolution of particles in the Mg-rich areas segregated during casting in the central zone and at eutectic boundaries. The broad temperature interval moreover indicates that a long-range diffusion associated with the homogenization of the material and more uniform distribution of Mg occurs. On the contrary, two distinct peaks appear in the the Al-Mg-Sc-Zr alloy. The first one has its maximum situated near 280 ºC, and the second one at 400 ºC. Their position fits well with similar peaks observed by Vlach et al. [4, 20] on DC cast Al-Sc-Zr and Al-Mn-Sc-Zr alloys and generally they are respectively attributed to Al3Sc particles precipitation and Al3Zr-shell formation in ternary Al-ScZr alloy, while in alloys containing Mn the second peak is a convolution of the Al3Zr-shell formation and precipitation of Mn-rich particles. Similar behavior is expected also in the TRC Al-Mg-Sc-Zr alloy. The homogenization of Mg distribution (as observed in the Al-Mg alloy) has most probably also the influence on the resistivity spectrum, however, is overlapped by massive resistivity changes caused by the depletion of the solid solution from Sc, Zr and Mn solutes. Figure 4 shows the evolution of microhardness in both alloys. Only sluggish decrease of microhardness in Al-Mg alloy reflects most probably only recrystallization and grain coarsening during annealing. On the contrary, the first peak in resistivity spectrum of Al-Mg-Sc-Zr alloy is directly connected with maximal hardening of the material, while microstructural changes occurring in the second one are responsible for a gradual degradation of microhardness. TEM observations confirm the precipitation of two types of particles in the TRC Al-Mg-Sc-Zr alloy at higher temperatures (figure 5). A dense dispersion of L12 type precipitates appear in the material above 250 ºC (most probably Al3Sc), and their growth occurs (probably Al3(Sc, Zr) particles are formed) above 350 ºC as well as the precipitation of Mn-containing particles. The positive role of Al3(Sc, Zr) precipitates as an effective inhibitor of recrystallization is documented in figure 6 . A significant grain growth is observed in the Sc and Zr-free alloy with the grain size reaching 1 mm after annealing at 550 ºC. On the contrary remaining Al3(Sc, Zr) precipitates successfully hinder recrystallization in Al-Mg-Sc-Zr alloy even at highest annealing temperatures. 
Summary
Strips from Al-Mg-Sc-Zr and Al-Mg alloys were prepared by twin-roll casting method. The initial microstructure of both alloys exhibits centerline segregation and an inhomogeneous distribution of grain size with significantly smaller grains in the central zone of the strip. Annealing up to 550 ºC results in a homogenization of Mg distribution within the material and formation of Al3(Sc,Zr) precipitates in Sc and Zr containing alloy. The formation of fine particles is responsible for a significant hardening of Al-Mg-Sc-Zr alloy, whereas their coarsening results in a significant drop of microhardness. Nevertheless, their positive role as inhibitors of recrystallization persist during the whole annealing process.
